The effect of different portland cements on the alkali expansivity of five italian natural sands of known field performance was investigated using the ASTM C1260 mortar-bar expansion method. The alkali reactivity of these sands was also evaluated according to the petrographic examination, infrared spectroscopy technique, ASTM C227 expansion method, ASTM C289 and AFNOR P18-589 chemical tests. The expansivity of the sands in the ASTM C1260 test is significantly affected by both the native alkali content and the specific surfa ce area of the portland cement while it is virtually unaffected by its mineralogical composition. For all the sands there is good agreement between the diagnoses of the ASTM C1260 and the other test methods, except ASTM C227, only when a portland cement with a Blaine surface area of 500m2/kg and a native alkali content of 1.13-1.15% Na2Oeq is used in the ASTM C1260 test.
Introduction
Since 1986, the accelerated mortar-bar expansion method in a 1M NaOH solution at 80, also formerly known as the South African NBRI test method,1), 2) has largely been used to detect the potential for deleterious alkali-silica reaction of concrete aggregates. This test con sists of immersing three mortar bars (2525235mm in size) in a 1M NaOH solution at 80 for two weeks, after their 1-day curing in air at 20 and subsequent 1-day im mersion in water at 80, and recording the percent linear expansion (E%) of the bars at established immersion times.
In July 1990, a modified version of the NBRI method was published as information by ASTM Committee C-9 under the designation ASTM P2143) and, in May 1994, the Pro posal P214 with a few modifications was adopted as ASTM C1260 standard method.4) A modified version of the NBRI test was also published in Canada as the draft method CSA A23. 2-25A. 5) In all the versions of the NaOH bath test procedure (NBRI, ASTM or CSA), there is no stringent requirement for the type (mineralogical composition, alkali content and fineness) of portland cement to be used in the test (reference cement).
According to the ASTM C1260 test method, the reference cement shall meet the requirements specified in ASTM C1506) and the autoclave expansion in Test Method ASTM C1517 shall be less than 0.20%. This means that, with regard to the mineralogical composition, it will be possible to use a wide variety of portland cements and, with regard to the fineness, portland cements with Blaine specific surface area (Sw) not less than 280m2/kg shall be used. Also, the alkali content of the cement is not con sidered to be a significant factor in affecting expansions because the specimens are exposed to a NaOH solution.
In the Canadian draft method, a CSA Type 10 portland cement (corresponding to ASTM Type ) with an alkali content of 0.9% to 1.0% Na2O equivalent (Na2Oeq) shall be used but no specification is given for Sw. On the other hand, the South African NBRI method prescribes the use of a low-alkali portland cement with an autoclave expansion of less than 0.80%.
Recent work dealing with the expansive behaviour of ar tificial siliceous aggregates8) has shown that the expansions of fused quartz-bearing mortar bars in a 1M NaOH solution at 80 are not affected by the mineralogical composition of the portland cement used but are significantly affected by both the specific surface area and the alkali content of the cement, at least when cements with very different values of Sw and Na2Oeq are compared. The type of cement, however, does not alter the ranking of fused quartz with regard to alkali reactivity, because of the very high expansivity of this aggregate. These results also suggest that, if natural aggregates of lower alkali reactivity with respect to fused quartz will be tested with the ASTM C1260 method, the type of portland cement could even modify the diagnosis as to the reactivity of these aggregates. This paper compares the diagnoses of the ASTM C1260 and other five test methods (petrographic examination,9) in frared spectroscopy technique,10) ASTM C289 chemical test,11) AFNOR P18-589 chemical dissolution test12) and ASTM C227 expansion test13)) with regard to the alkali reactivity of five Italian natural sands of known field perfor mance, when different portland cements were used in the ASTM C1260 test.
2.
Materials and methods Two low-alkali (LA1 and LA2) and three high-alkali (HA1, HA2 and HA3) portland cements, all conform to Specifications ASTM C150 and ASTM C151, were used to test each of the sands (designated by letters A to E) with the ASTM C1260 method. Table 1 Table 2 gives the petrographic characterisitcs of the sands along with their alkali reactivity established by field service records (non reacitive: NR; potentially reactive: PR).
The ASTM C1260 expansion tests were carried out on 2525285mm mortar bars made with each of the sands in the standard gradation (0.15-4.75mm) and the selected portland cement (water/cement ratio=0.47 by mass; ag gregate/cement ratio=2.25 by mass). Some expansion tests were also carried out on mortar specimens made with cement HA2 preliminarily ground to a fineness of 500m2/ kg as Sw (designated HA2) or with cement LA2 preliminari ly alkali-enriched to 1.13% Na2Oeq through KOH addition to mix water (designated LA2).
A set of mortar bars made with cement HA3 (1.15% Na2Oeq; Sw=500m2/kg) and each of the sands in the stan dard gradation was also tested according to the ASTM C227 expansion method (storage of specimens at 38 and 100% relative humidity).
As anticipated, each sand was also characterized for its alkali reactivity by using the infrared (IR) spectroscopy technique and two chemical tests such as the traditional test method ASTM C289 and the French standard method AFNOR P18-589.
In the infrared method, the sand is ground to sizes less than 45m before mixing with KBr and pressing into a disk. A factor termed the coefficient of disorder of the silica lattice, Cd (cm-1), is calculated by the expression:10) Cd=v/log(T0/T) where v is the width of the peak selected for the analysis (wavenumber of about 800cm-1) at 1/3 of its height, T and T are, respectively, the incident and transmitted beam intensities.
In the chemical test, the sand is reduced to the 150-300 m (ASTM C289) or 0-315m (AFNOR P18-589) size fraction and then subjected to a chemical attack by a 1M NaOH solution at 80 (25g solid/25ml NaOH solution). In the ASTM C289 test, the reduction in alkalinity, Rc, and the concentration of dissolved silica, Sc, are measured after 24h and plotted in a graph which defines three reactivity do mains (innocuous, deleterious, and potentially deleterious). In the AFNOR test, the SiO2/Na2O molar ratio of the solu tion is plotted against time in a graph which defines three reactivity domains: NR, PR and PRP (potentially reactive with pessimum). Table 2 ) and those of the AFNOR P18-589 test (Fig. 1) confirm the non-reactivi ty of sand D and the potential reactivity of the other four sands. Moreover, on the basis of the judgment criteria established by the IR method (Cd120: non reactive; 120< Cd200: slowly reactive; 200<Cd300: rapidly reactive; Cd>300: pozzolanic behaviour),14) all the reactive sands would be classed as slowly reactive, although sand C has a Cd value (192) which is near the lower limit of the domain corresponding to rapidly reactive aggregates. In contrast, all the sands were found to be non-reactive when tested with the ASTM C227 method (Table 2 ), even if an expansion limit of 0.10% at 1 year (instead of 0.10% at 6 months) is adopted as the performance criterion. These results are not surprising because previous work15) has shown that aggregates containing micro-crystalline quartz associated with strained quartz as the only reactive compo nent do not expand in ASTM C227. According to Hooton and Rogers,16) even ASTM C1260 test method would be unable to detect these types of reactive aggregates.
3.2 ASTM C1260 test method Figures 2 (a) -(e) show the effect of varying the type of portland cement on the expansion of mortar-bars incor porating each of the sands investigated when these bars are immersed in a 1M NaOH solution at 80 up to an age of 56 days. The percent linear expansion of the bars at a given im mersion time is reported as the average expansion of six specimens. The coefficient of variation for expansion measurements within a set of specimens is 1.2% or 3.5% for E% values of 0.9% or 0.3%, respectively. At expansion levels around 0.1%, the coefficient of variation is about 9%.
For all the sand-cement combinations tested there is no induction period for the expansion development and, even after 56 days of immersion, expansions are still far from hav ing reached their plateau, except for the mortars incor porating sand B or D (Figs. 2 (b) and (d) ).
With each cement, sand C always displays the largest 14 -day expansion (Fig. 2 (c) ) while sand D always behaves as the least expansive aggregate (Fig. 2 (d) ). These results are in good agreement with those of the infrared method (Table 2) . Moreover, the relative expansivities of sands A B, C and E are, in some cases, also dependent on the immer sion time considered. This is particularly true for sand A which always shows a lower expansivity in the short term when compared to sands B, C and E, but also shows a larger expansivity in the long term when tested with cement HA3
Comparison between the expansions of mortar bars made with two cements (HA2 and HA3) having approx. the same Blaine surface area and native alkali content shows that the expansivity of the sands is virtually unaffected by the mineralogical composition of the cement.
Conversely, both the specific surface area and the native alkali content of the cement appear to be significant factors in affecting mortar-bar expansions.
At a fixed native alkali content (1.13% Na2Oeq), increas ing specific surface area of cement HA2 from 410 to 500 m2/kg always results in an increased expansivity of the reac tive sands when the immersion time of the bars is above 5-7 days and this effect is slightly more pronounced for less ex pansive sands (A, B and E). At a fixed specific surface area (400-425m2/kg), increasing native alkali content of ce ment over the range from 0.55% to 1.13% Na2Oeq (LA2, HA1 and HA2 cements) always produces a gradual increase in the sand expansivity during the first 20-22 days of immer sion but, beyond this time, the effect of alkali content becomes negligible. Thus, the combined effects of Na2 and Sw on expansion may explain the large increase in both early and long-term expansivity of each sand when cement LA1 (0.43% Na2Oeq; Sw=306m2/kg) is replaced with ce ment HA3 (1.15% Na2Oeq; Sw=500m2/kg).
It is noteworthy that the alkali enrichment of cement LA2 (Sw=400m2/kg) from 0.55 to 1.13% Na2Oeq through KOH addition to mix water (cement LA2) does not virtually in crease the 14-day expansivity of the sands, so these expan sion levels remain lower than those of the respective specimens made with cement HA2 (native alkali content of 1.13% Na2Oeq). On the other hand, analyses of the pore li quid composition within the mortar bars after their 1-day storage in water at 80, have shown that the alkali enrich ment of cement LA2 produced much less than the expected increase of the OH-ion concentration in the pore solution. In particular, this concentration increased from 100 to 140 m mol/l against an expected value of about 385mmol/l. This fact is only in part attributable to an alkali leaching phenomenon while it is mostly related to the reaction bet ween alkali hydroxide (KOH) and calcium sulphate (com ing from gypsum) to form calcium hydroxide, as recently demonstrated by Diamond and Ong. 17) As reported in the Appendix of the ASTM C1260 test method (Nonmandatory Information), expansions of less than 0.10% after 14 days of immersion in NaOH solution are indicative of innocuous aggregates in most cases, whereas 14-day expansions of more than 0.20% are in dicative of potentially deleterious aggregates. E% values between 0.10% and 0.20% at 14 days include both ag gregates that are known to be innocuous or deleterious in field performance. In such a situation, it may be useful to take expansion measurements until 28 days.
In a study of a group of Canadian aggregates of known field performance, Hooton and ogers16) found that expan sion limits of 0.15% at 14 days and 0.33% at 28 days are effective in separating deleteriously expansive from non deleteriously expansive aggregates. Another possible secon dary limit of 0.48% at 56 days was also proposed, even though such a long period of test is undesirable.
According to the above expansion limits reported as dot ted lines in Figs. 2 (a) -(e), sands C and D are the only two aggregates which can be classed as potentially deleterious (sand C; E%>0.20% at 14 days) or innocuous (sand D; E%<0.10% at 14 days), irrespective of the type of portland cement used (Figs. 2 (c) and (d) ). For the other three sands (A, B and E), the type of cement really affects the ranking of the aggregate with regard to its reactivity. On the basis of the expansion limit of 0.10% at 14 days, sand A would be classed as innocuous by the use of cements LA1 or LA2 (Fig. 2 (a) ). According to the expansion limits proposed by Hooton and Rogers, even cements LA2, HA1 and HA2 would class sand A as innocuous. Moreover, sands B and E would be classed as innocuous when the former is tested with cements LA1, LA2, LA2 and HA1 (Fig. 2 (b) ) and the latter is tested with cements LA1, LA2 and LA2 (Fig. 2 (e) ). On the other hand, the use of cements HA2 and HA3 (1.13-1.15% Na2Oeq; Sw=500m2/kg) would class all the sands, except D, as pdtentially deleterious, and this classification is consistent with the field performance data and the results of the other test methods investigated, ex cept ASTM C227 (Table 2 and Fig. 1 The effects of the fineness and the alkali content of the portland cement on the expansivity of the natural sands in vestigated may be satisfactorily interpreted on the basis of the recent findings by Berube et al.
According to these authors, there is a threshold level for the alkali concentration in the pore solution within the cementitious matrix, above which the expansivity of the ag gregate is promoted and sustained. This threshold level is strongly dependent on the nature of the aggregate: the higher the reactivity of the aggregate, the lower the threshold level will be. Furthermore, the threshold level for alkali concentration exists even when the mortar bars are immersed in NaOH solution. At an established NaOH con centration in the bath (provided that it is higher than the threshold level), the immersion time of the mortar bars in the NaOH solution at which the threshold level is attained and overcame is strongly related to the fineness and alkali content of the portland cement and to the permeability of the mortar bars. Considering that the immersion time of the mortar bars in the NaOH solution is established by ASTM C1260 Standard Method, it is thus possible to explain why sand D, classed as innocuous by the IR method (Table 2) , was found to be innocuous with all the cements in vestigated. On the other hand, sand C, which has a Cd value (192) near the lower limit of the domain corresponding to rapidly reactive aggregates (Table 2) was always found to be reactive, while sands A, B and E, classed as slowly reac tive by the IR method, showed different expansive behaviour depending on the fineness and the alkali content of the portland cement utilized.
As far as the suitability of the three expansion limits pro posed by Hooton and Rogers is concerned, the results in Figs. 2 (a) -(e) indicate that the first two expansion limits (0.15% at 14 days and 0.33% at 28 days) are fairly ap propriate, while the 56-day limit should be increased from 0.48% to 0.52% for better correlating the expansive behaviour of sands B and E.
Conclusions
Both the native alkali content and the specific surface area of the portland cement are significant factors in affec ting mortar-bar expansions in the ASTM C1260 test, at least when this test is used to assess the alkali reactivity of natural, slowly reactive sands.
For such aggregates, the diagnosis of the ASTM C1260 test is always in good agreement with the field service records and the verdicts of other test methods (petrographic examination, infrared technique, ASTM C289 and AFNOR P18-589 chemical methods) only when a portland cement with a Blaine surface area of 500m2/kg and a native alkali content of 1.13-1.15% Na2Oeq is used as the reference cement in Test Method ASTM C1260.
The preliminary alkali enrichment of the cement through addition of alkali hydroxide to mix water does not substan tially change the expansivity of the aggregates in the NaOH bath test.
